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E-mail address: gary.sawers@mikrobiologie.uni-haBy combining extracts from strains lacking genes encoding either the maturation enzymes or the
large subunits of hydrogenases 1, 2 and 3 we could reconstitute in vitro under strictly anaerobic
conditions 10–15% of the hydrogenase activity present in wild type Escherichia coli extracts. Puriﬁed,
unprocessed Strep-tagged variants of the hydrogenase 2 large subunit, HybC, isolated from either a
DhybD (encoding the hydrogenase 2-speciﬁc protease) mutant or a strain deﬁcient in HypF could
also be matured to active, processed enzyme using this system. These studies reveal that minimally
one step early on the hydrogenase maturation pathway is oxygen-labile.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hydrogenases are enzymes that catalyse the reversible oxida-
tion of dihydrogen. There are currently three recognized classes
of hydrogenase enzyme referred to as [Fe]-hydrogenases,
[FeFe]-hydrogenases and [NiFe]-hydrogenases based on the nat-
ure of the metal center present in the respective active site [1].
One feature all of these enzymes have in common is that they
have at least one diatomic CO ligand on the Fe atom. The
[FeFe]-hydrogenases and [NiFe]-hydrogenases also have CN
liganded to the Fe atom.
The Escherichia coli genome encodes four [NiFe]-hydroge-
nases [2,3]. Three of these hydrogenases are synthesized when
the organism is grown anaerobically, with hydrogenase 1
(Hyd-1) and Hyd-2 having a role in hydrogen oxidation while
Hyd-3 forms part of the hydrogen-evolving formate hydrogenly-
ase (FHL) complex. Biosynthesis of the E. coli and Ralstonia
eutropha hydrogenases are arguably the best understood for
all enzymes of the [NiFe]-hydrogenase class [2–4]. The [NiFe]
bimetallic active site of these enzymes is coordinated through
four conserved cysteinyl residues in the large subunit of the
enzyme and the Fe atom has 2 CN and 1 CO ligand [5,6].chemical Societies. Published by E
University Halle-Wittenberg,
3, 06120 Halle (Saale), Ger-
lle.de (R.G. Sawers).Synthesis of a functionally active, membrane-associated enzyme
requires the coordinated activities of a number of accessory en-
zymes amongst which the Hyp proteins have a prominent role
[2]. The HypB, HypD, HypE and HypF proteins are required for
the synthesis of all three [NiFe]-hydrogenases with HypD, E and
F playing a central role in synthesizing the CN ligand [7,8].
HypB on the other hand is a GTPase, which along with the
Hyd-3-speciﬁc HypA protein (HybF for Hyd-1 and Hyd-2) and
the FKBP-type peptidyl prolyl cis–trans isomerase SlyD, is
required for insertion of the nickel ion into the active site sub-
sequent to completion of Fe(CN)2CO synthesis [2,9]. Little is
known regarding the synthesis of the CO diatomic ligand, or
for that matter how the Hyp proteins orchestrate such a com-
plex process.
Recent major advances in our understanding of [FeFe]-hydrog-
enase active site biosynthesis have been made through the devel-
opment of an in vitro system to study enzyme maturation [10–13].
To date no in vitro system to study the biosynthesis of [NiFe]-
hydrogenase exists, possibly due to the large number of accessory
proteins involved in maturation and the apparent complexity of
the process. In this study we have achieved successful maturation
of Hyd-2 of E. coli from an inactive precursor using a cell-free sys-
tem. This advance has revealed that at least one step along the
maturation pathway of [NiFe]-Hyd-2 is oxygen-sensitive. More-
over, the ﬁndings demonstrate that it is possible to isolate incom-
pletely processed intermediates at various stages on the pathway
and that these can be subsequently matured into a functionallylsevier B.V. All rights reserved.
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spectroscopic analyses of pathway intermediates.
2. Materials and methods
2.1. Bacterial strains and plasmids
The strains used during this study included MC4100 [14],
FTD147 [15], which carries in-frame deletions in hyaB, hybC and
hycE encoding respectively the large subunits of Hyd-1, Hyd-2
and Hyd-3, BEF314 (DhypB-E) [16], DHP-H2 (DhypF) [17] and
BL21(DE3) [18]. To create strain FTD147DhybD, the hybD::Kan
mutation from strain JW2961 (National BioResources Project
(NIG, Japan): E. coli) was transduced into FTD147 as described [19].
Chromosomal DNA from MC4100 was used as the template for
ampliﬁcation of the hypD, E and F genes via PCR (hypDvor 50-
CCCCATATGATGCGTTTTGTTGATGAATATCGC-30 and hypDrev 50-
CCCAAGCTTTCACGCTTCACTCTCCTGCTGAC-30; hypEvor 50-CCCCA
TATGATGCGTTTTGTTGATGAATATCGC-30 and hypErev 50-CCCAAGC
TTTAGCATATACGCGGAAGCGGTTCG-30; hypFvor 50-CCCCATATGA
TGGCAAAAAACACATCTTGCG-30 and hypFrev 50-CCCAAGCTTT
TATCCGTTCTGGACTTCACCC-30). The resulting PCR fragments were
digested with NdeI and HindIII and ligated into NdeI-/HindIII-
digested pET28A to generate the plasmids phypD, phypE and
phypF. In order to facilitate puriﬁcation of the hydrogenase 2 large
subunit (HybC), a N-terminal StrepII-tag fusion was created. The
hybC gene was ampliﬁed using the oligonucleotides hybC-IBA5FW
50- ATG GTAGGTCTCAGCGCCATGAGCCAGAGAATTACTATTGATC-30
and hybC-IBA5RW 50-ATGGTAGGTCTCATATCACAGAACCTTCACT-
GAAACCACTTC-30 and was subsequently digested with BsaI and li-
gated into the BsaI restriction site of pASK-IBA5+ (IBA, Göttingen,
Germany), to generate pASK-hybC. All DNA inserts were sequenced
to conﬁrm their authenticity. Plasmid pCA24N-hybD (National
BioResources Project (NIG, Japan): E. coli) was used for over pro-
duction of His-tagged HybD endoprotease while pT-hypDEFCStrep
[20] was used to increase the copy-number of the hypD, E and F
genes.
2.2. Growth conditions
E. coli cells were cultivated anaerobically at 37 C in buffered
TYEP medium [21] supplemented with either 0.8% (w/v) glucose
and 10 mM formate or 0.4% (w/v) glycerol and 25 mM fumarate.
When needed kanamycin, chloramphenicol or ampicillin were
added to the medium to ﬁnal concentrations of 50, 15 and
100 lg/ml, respectively. Gene expression was induced by the addi-
tion of either 0.3 mM IPTG or 0.2 lg/ml anhydrotetracyclin fol-
lowed by incubation at 30 C for 3–5 h. The cultures were
harvested after reaching an optical density at 600 nm of 0.9 and
cell pellets were stored at 20 C until use.
2.3. Preparation of cell extracts
All steps were carried out under anaerobic conditions in a CoyTM
anaerobic chamber unless speciﬁcally stated otherwise in the text.
Cells were washed in anaerobic MOPS-buffer (50 mM MOPS pH
7.5, 2 mM sodium dithionite) and after centrifugation the cell pellet
was resuspended in 3 volumes of 50 mM MOPS pH 7.5 including
5 lg DNase/ml and 0.2 mM phenylmethylsulfonyl ﬂuoride. Cells
were disrupted by sonication (30W power for 5 min with 0.5 s
pulses). Unbroken cells and cell debris were removed by centrifuga-
tion for 30 min at 50 000g at 4 C and the supernatant (crude ex-
tract) was stored anaerobically at 80 C. No apparent decrease in
the hydrogenase or reconstitution activities in such extracts for
use in in vitro processing was observed over a period of several
months.2.4. Puriﬁcation of StrepHybCDhybD and StrepHybCDhypF
All proteins thoughout this study were puriﬁed under strictly
anaerobic conditions. The Strep-tagged HybC derivatives are desig-
nated with a superscript indicating the genetic background from
which they were over-produced and puriﬁed. Thus, StrepHybCDhybD
was puriﬁed from crude extracts derived from 10 g wet weight of
E. coli strain FTD147 DhybD and StrepHybC DhypF was over-produced
and puriﬁed from a crude extract derived from 10 g wet weight of
DHP-F2 (DhypF). Proteins were isolated using a 10-ml gravity-ﬂow
Strep-Tactin-Sepharose column, (IBA, Göttingen, Germany). Un-
bound proteins were removed by washing with 5 column volumes
of 100 mM Tris–HCl, 150 mM NaCl, pH 8.0. Recombinant Strep-
tagged HybC derivatives were eluted with 100 mM Tris–HCl,
150 mM NaCl, pH 8.0 including 2.5 mM desthiobiotin. Desthiobio-
tin was subsequently removed by passage through a series of Hi-
Prep PD10 desalting columns (GE Healthcare) connected to an
ÄKTA apparatus (GE Healthcare). Proteins were concentrated by
centrifugation at 7500g in centrifugal ﬁlters (Amicon Ultra,
50 K, Millipore, Eschborn, Germany).
2.5. Puriﬁcation of His-HybD, His-HypD, E and F by Co2+-afﬁnity
chromatography
His-tagged HybD was puriﬁed from JW2962, His-tagged HypD,
E, and F proteins were puriﬁed from BL21(DE3) containing the cor-
responding plasmid. Cell-free extracts derived from approximately
20 g of wet cell paste were loaded onto a 1.5  10 cm column of
Co2+-charged resin (Talon resin, Clontech). The column, which
had been previously equilibrated with 50 mM Tris–HCl, 300 mM
NaCl, pH 8.0 (buffer A) was washed with 5 column volumes of
the same buffer followed by 3 column volumes of buffer A supple-
mented with 10 mM imidazole. His-tagged proteins were subse-
quently eluted with buffer A containing 300 mM imidazole.
Imidazole was removed by desalting as described above.
2.6. In vitro hydrogenase maturation reactions
The complete in vitro maturation reaction mixture contained
150 ll FTD147/pT-hypDEFCStrep cell extract (10 mg/ml), 150 ll
BEF314 cell extract (10 mg/ml) and, when included, 2.5 mM ATP,
50 lM carbamoyl phosphate, 2.5 mM dithiothreitol (DTT), 50 lM
FeSO4, 100 lM NiCl2 in 50 mM MOPS-buffer (pH 7.5). Reactions
were carried out in a total volume of 400 ll inside 2-ml stoppered
vials for 30 min at 25 C under a nitrogen atmosphere and subse-
quently placed on ice. When aerobic incubation of samples is indi-
cated, the substrate and protein mixture was mixed and incubated
for 30 min in the presence of air prior to activity measurement.
When puriﬁed HypD, HypE and HypF proteins were included in
the reaction mixture, a cell extract derived from FTD147 was used
instead of one derived from FTD147/pT-hypDEFCStrep. Pure HypD,
HypE and HypF were mixed in an equal ratio based on weight
(15 lg of each protein per reconstitution reaction) and added to
the reaction mix as indicated. When used 2 lg of puriﬁed His-
tagged HybD endoprotease was added to each reaction. The
BEF314 cell extract, which was used as a source of hydrogenase
large subunits, was replaced by StrepHybCDhybD or StrepHybCDhypF
when puriﬁed large subunit precursors were used in the reaction.
When used, 3 lg of either StrepHybCDhybD or StrepHybCDhypF were
added to each reaction.
2.7. Other methods
Protein concentration was determined [22] with bovine serum
albumin as standard. Hydrogenase enzyme activity was deter-
mined according to [23] except that the buffer used was 50 mM
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anaerobic cuvettes using an Uvicon 900 dual-wavelength spectro-
photometer. One unit of activity corresponded to the oxidation of
1 lmol of hydrogen per min. Experiments were performed at least
twice and each experiment was performed in duplicate. The values
reported are the standard error for one experiment.
SDS–PAGE in 10% or 12.5% (w/v) polyacrylamide gels was per-
formed according to [24]. Transfer of proteins to nitrocellulose
membranes and Western blotting procedures have been described
[25]. Antibodies raised against Hyd-2 (a kind gift from F. Sargent)
were used at a dilution of 1:20 000 and the secondary antibody
conjugated to horseradish peroxidase was obtained from Bio-Rad.
Visualisation was done by the enhanced chemiluminesent reaction
(Stratagene). Detection of hydrogenase enzyme activity after non-
denaturing PAGE was performed exactly as described [23].
3. Results
3.1. Cell-free maturation of hydrogenase activity
In an attempt to develop a cell-free maturation system for
[NiFe]-hydrogenases, we prepared separately crude cell extracts
of anaerobically grown BEF314 (DhypB-E) and FTD147, which car-
ries in-frame deletions in the genes encoding the large subunits of
Hyd-1 (HyaB), Hyd-2 (HybC) and Hyd-3 (HycE) but retains the hyp
genes [15]. When measured individually, these extracts lacked
hydrogenase activity (Table 1, reactions 9 and 10). Incubation of
equal amounts of BEF314 and FTD147/pT-hypDEFCStrep extracts
for 30 min at 25 C yielded a hydrogenase enzyme activity of
0.5 U ml1 (Table 1, reaction 8). Note that varying the incubation
time between 10 and 60 min had little effect on the ﬁnal hydroge-
nase activity attained (data not shown), therefore for convenience
a standard incubation time for hydrogenase activation of 30 min
was chosen. An equivalently prepared crude extract derived from
anaerobically grown MC4100 (wild type) with the same protein
concentration had a hydrogenase activity of 8.3 U ml1 (Table 1,
reaction 1). The highest activity obtained by mixing BEF314 and
FTD147/pThypDEFCStrep extracts of 1.17 U ml1 was obtained by
also adding ATP, carbamoyl phosphate, FeSO4, NiCl2 and DTT (Table
1, reaction 2). Omission of any one of these components resulted in
an activity that was in a range similar to that obtained by
simply mixing the extracts. We noted that in order for this matu-
ration system to work two further factors were important: ﬁrstly,Table 1
Hydrogenase enzyme activity reconstituted by mixing anerobically prepared crude
extracts.
Reaction No. Reaction mixture supplementa Hydrogenase activity
(U ml1)
1 MC4100b 8.30 ± 0.2
2 Complete 1.17 ± 0.07
3 Minus ATP 0.67 ± 0.07
4 Minus carbamoyl phosphate 0.75 ± 0.06
5 Minus DTT 0.57 ± 0.04
6 Minus FeSO4 0.69 ± 0.09
7 Minus NiCl2 0.65 ± 0.04
8 Only BEF314 + FTD147 extracts 0.51 ± 0.04
9 Only BEF314 extract 0.04 ± 0.004
10 Only FTD147 extract 0.02 ± 0.002
11 Complete reaction aerobic 0.03 ± 0.001
a The complete reaction included 150 ll FTD147/pT-hypDEFCStrep extract
(10 mg ml1), 150 ll BEF314 extract (10 mg ml1), 2.5 mM ATP, 50 lM carbamoyl
phosphate, 50 lM FeSO4, 100 lM NiCl2, and 2.5 mM DTT. The reaction was incu-
bated anaerobically (except reaction 11) for 30 min at 25 C prior to determination
of enzyme activity.
b The corresponding activity of a crude extract of the wild type MC4100 prepared
under the same conditions.anaerobiosis had to be maintained, otherwise no hydrogenase
activity could be reconstituted (Table 1, reaction 11); and second,
a plasmid pT-hypDEFCStrep including the hypDEF genes was re-
quired to be introduced into FTD147 prior to extract preparation,
otherwise an activity in the range of 0.1 U ml1 was obtained. This
ﬁnding suggests that the wild type levels of the HypD, E and F pro-
teins were limiting for this in vitro system. Note that the hypC gene
product was not essential for optimal enzyme activation (see be-
low), but was present on the plasmid available [20].
3.2. The main activity reconstituted is Hyd-2
As anaerobically grown E. coli synthesizes three [NiFe]-hydrog-
enase [3] the activity we measured likely represented a contribu-
tion from all three enzymes. To analyse this in more detail,
aliquots from the reconstitution reactions described above were
analysed by native-PAGE followed by in-gel staining for hydroge-
nase activity as described [23]. This method allows visualization
of Hyd-1 and Hyd-2, but not Hyd-3, which is labile under these
conditions [26]. The gel shown in Fig. 1A clearly reveals that a
weak Hyd-2 activity was reconstituted in those extracts where en-
zyme activity was detected in Table 1. Moreover, the activity
reconstituted with all additional components added migrated as
two active bands and in a manner indistinguishable from Hyd-2
in extracts derived from MC4100 (Fig. 1A, compare lanes 1 and
2), suggesting not only that the active site was reconstituted but
also that the small subunit associated with the large subunit
[27,28]. Hyd-2 migrates as two bands on native-PAGE [23,26],
and precisely why Hyd-2 migrates in this manner is unclear. Omis-
sion of individual reactivation components resulted in detectable
but reduced activity of Hyd-2, with the strongest reduction ob-
served when DTT was omitted (Fig. 1A, lane 5). Non-reconstituted
extracts of FTD147 and BEF314 showed no activity bands corre-
sponding to Hyd-2. Note that the band labelled FDH resulted from
a weak hydrogenase-independent activity of formate dehydroge-
nase N (B. Soboh, M. Kuhns, M. Waclawek and R.G. Sawers, unpub-
lished results).
Reconstituted, active Hyd-1 could not be detected using this gel
system (data not shown). Moreover, the cells used to prepare the
crude extracts were grown with glycerol and fumarate, which re-
sults in very low levels of Hyd-1 [26]. The activity bands corre-
sponding to Hyd-2 in lanes 5 and 8 of Fig. 1A were rather weak
when compared with the total hydrogenase activity of approxi-
mately 0.5 U ml1 determined for the same samples in solution
(Table 1, reactions 6 and 7, respectively). This might suggest that
either some reconstituted Hyd-3 could have contributed to the to-
tal activity or that reconstituted Hyd-2 activity was labile during
electrophoresis.
3.3. Addition of puriﬁed HypDEF proteins obviates the requirement for
increased hyp gene copies
To determine whether puriﬁed Hyp proteins could replace the
requirement for inclusion of pT-hypDEFC in the reconstitution of
Hyd-2, an extract of FTD147 lacking the plasmid was prepared.
His-tagged derivatives of HypD, HypE and HypF were also puriﬁed
anaerobically (see Materials and Methods). An empirically chosen
1:1:1 (based on weight) mixture of HypD, E and F was added to
the reaction mixture containing equal amounts of BEF314 and
FTD147 (lacking plasmid pT-hypDEFCStrep) extracts plus supple-
mentary components and after 30 min incubation hydrogenase en-
zyme activity was determined. Addition or omission of puriﬁed
HypC had no effect on the activity measured and therefore was
omitted from the following experiments (data not shown). The re-
sults in Table 2 clearly show an increase in hydrogenase activity
that was dependent upon the amount of Hyp protein mix added.
Fig. 1. Hyd-2 maturation reactions analysed by native and denaturing PAGE. (A) Hydrogenase 2 maturation was analysed after separation of proteins (50 lg protein per lane)
in the reaction mixes shown in Table 1 in native-PAGE followed by staining for hydrogenase enzyme activity. Lane 1, crude extract from MC4100 (wild type); lane 2, reaction
containing crude extracts of BEF314 and FTD147/pT-hypDEFCStrep plus ATP, carbamoyl phosphate, FeSO4, NiCl2 and DTT (see Section 2 for details); lane 3, as lane 2 but
lacking ATP; lane 4, as lane 2 but lacking carbamoyl phosphate; lane 5, as lane 2 but lacking DTT; lane 6, as lane 2 but lacking FeSO4; lane 7, as lane 2 but lacking NiCl2; lane 8,
contained a mixture of BEF314 and FTD147/pT-hypDEFCStrep crude extracts but without addition of ATP, carbamoyl phosphate, FeSO4, NiCl2 or DTT; lane 9, only crude
extract from BEF314; lane 10, only crude extract from FTD147/pT-hypDEFCStrep. The activity band labelled FDH represents a side activity of formate dehydrogenase N that is
hydrogenase-independent and serves as a loading control. (B) Western blot analysis of maturation of Hyd-2 large subunit (HybC) using antiserum prepared against puriﬁed
hydrogenase 2. Polypeptides (50 lg of protein) were separated in 10% (w/v) SDS–PAGE. The locations of the unprocessed and processed forms of the HybC protein are
indicated. The asterisks represent uncharacterised polypeptides that cross-react with the antiserum. Lane 1, extract of MC4100; Comp. signiﬁes the complete reaction mix as
described for lane 2 of part A with the exception that the FTD147 extract lacked the pT-hypDEFCStrep plasmid and added HypD, E and F proteins; lane 3, the same as lane 2
but lacking the supplements ATP, carbamoyl phosphate, FeSO4, NiCl2 and DTT; the remaining lanes contained a mixture of BEF314 and FTD147 crude extracts with varying
amounts of the HypD, HypE, HypF mixture as indicated below the lanes. (C) SDS–PAGE analysis of puriﬁed, over-produced Strep-tagged HybC (10 lg) in a 10% (w/v)
polyacrylamide gel. The sizes of the molecular mass (M) markers (Prestained PageRuler, Fermentas) are given in kDa on the left side of the Figure.
Table 2
Puriﬁed HypD, HypE and HypF enhance the efﬁciency of hydrogenase maturation.
Reaction No. Reaction mixture supplementa Hydrogenase activity
(U ml1)b
1 Complete reaction without HypD, E, F 0.21
2 +10 lg HypD, E, F 0.24
3 +20 lg HypD, E, F 0.34
4 +30 lg HypD, E, F 0.45
5 +40 lg HypD, E, F 0.56
6 +50 lg HypD, E, F 0.67
7 +100 lg HypD, E, F 0.71
8 +150 lg HypD, E, F 0.76
a The complete reaction included 150 ll FTD147/pT-hypDEFCStrep extract
(10 mg ml1), 150 ll BEF314 extract (10 mg ml1), 2.5 mM ATP, 50 lM carbamoyl
phosphate, 50 lM FeSO4, 100 lM NiCl2, and 2.5 mM DTT. The HypD, E, and F pro-
teins were added in a 1:1:1 ratio.
b The results shown are representative values for the experiment, which was
performed twice.
Table 3
Puriﬁed unprocessed StrepHybCDhybD can be activated by incubation with a FTD147/
pT-hypDEFCStrep cell extract.
Reaction
number
Reaction mixture supplementsa Hydrogenase
activity
(U ml1)
1 Complete reaction 1.38 ± 0.04
2 Minus HybD 1.27 ± 0.02
3 Minus ATP 1.22 ± 0.02
4 Minus carbamoyl phosphate 1.26 ± 0.08
5 Minus FeSO4 1.34 ± 0.04
6 Minus NiCl2 0.84 ± 0.1
7 Minus DTT 0.53 ± 0.04
8 3 lg pure StrepHybCDhybD 0.05 ± 0.01
9 Only FTD147/pT-hypDEFCStrep
extract
0.01
10 Complete reaction aerobic 0.88 ± 0.08
a The complete reaction included 300 ll FTD147/pT-hypDEFCStrep extract
(10 mg ml1), 2.5 mM ATP, 50 lM carbamoyl phosphate, 50 lM FeSO4, 100 lM
NiCl2, and 2.5 mM DTT. Puriﬁed StrepHybCDhybD (3 lg) was added and where indi-
cated 2 lg of His-tagged HybD was added.
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similar to reaction 1 in Table 2 without added protein, suggesting
that all three proteins are required for optimal enzyme maturation.
The ﬁnal step in the maturation of [NiFe]-hydrogenase large
subunits is the speciﬁc proteolytic processing of a short C-terminal
peptide and without this step the enzyme is inactive [2]. This pro-
cessing step can be detected by Western blotting. The polypeptides
in aliquots of the reconstituted reaction mixtures were separated
by SDS–PAGE and the unprocessed and processed forms of Hyd-2
large subunit were analysed (Fig. 1B). The results demonstrated
the HypDEF-dependent appearance of the processed species of
Hyd-2, which correlated with the increase in hydrogenase enzyme
activity shown in Table 2. It was noted that there appeared to be
two forms of the unprocessed Hyd-2 precursor in Fig. 1B, only
one of which changed during the reaction. The nature of the second
form of the protein, and why it was not processed, is currently
unclear.3.4. An enzymatically inactive HybC precursor isolated from an
endoprotease-deﬁcient mutant can be matured in vitro to deliver
active Hyd-2
The HybD endoprotease catalyses the ﬁnal step in maturation of
the Hyd-2 large subunit, HybC [reviewed in 2]. A Strep-tagged
derivative of HybC puriﬁed from a hybD mutant was unprocessed,
was not associated with the small subunits HybO or HybA and
lacked enzyme activity (Fig. 1C). Incubation of 3 lg of puriﬁed
StrepHybCDhybD isolated from the hybD mutant with a crude extract
derived from FTD147/pT-hypDEFC together with the reactivation
component mixture resulted in reconstitution of a Hyd-2 activity
of 1.38 U ml1 (Table 3, reaction 1). The isolated protein or the
FTD147 extracts individually had no enzyme activity. Moreover,
addition of puriﬁed His-tagged HybD endoprotease to the extract
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level of HybD endoprotease present in the FTD147 extract was suf-
ﬁcient to catalyse the reaction. The StrepHybCDhybD protein, when
incubated with the HybD endoprotease without extract was pro-
cessed but lacked enzyme activity (data not shown). This result
suggests that association of HybC with the HybO small subunit
was essential for activity (S. Krüger, C. Sauer, C. Pinske, B. Soboh
and R.G. Sawers, unpublished data).
Omission of ATP, carbamoyl phosphate or FeSO4 had no effect on
the level of enzyme activity. Only when either NiCl2 or dithiothrei-
tol was omitted was a noticeable and reproducible reduction in en-
zyme activity observed (Table 3, compare reactions 3 through 7).
Incubation of the complete reaction mixture with
StrepHybCDhybD in the presence of oxygen yielded an activity of
0.88 U ml1 (Table 3, reaction 10). This result indicates that
the StrepHybCDhybD precursor is stable towards oxygen and that
the endoproteolytic cleavage step is not oxygen-labile.3.5. Maturation of a StrepHybCDhybF precursor is oxygen-sensitive
The HypF protein performs an early step in hydrogenase large
subunit maturation and is involved in generation of the CN dia-
tomic ligand to the active site iron atom [2]. The StrepHybCDhypF
precursor isolated from the HypF mutant DHP-F2 (DhypF) was
enzymatically inactive (3 lg had a hydrogenase activity of
0.02 U ml1). When 3 lg of the precursor was incubated with the
FTD147/pT-hypDEFC extract under optimal reaction conditions
with all supplements added (see Section 2), a Hyd-2 enzyme
activity of 0.98 ± 0.05 U ml1 was reconstituted. In contrast to
what was observed with the StrepHybCDhybD precursor, carrying
out the reconstitution reaction in the presence of oxygen pre-
vented reconstitution of Hyd-2 enzyme activity (0.002 U ml1)
when the StrepHybCDhypF precursor was used.4. Discussion
In this study we have successfully developed a cell-free system
that allows maturation of Hyd-2 in vitro. Although the maximal
activity obtained was only 10–15% of that observed in wild type
extracts, this development nevertheless should prove useful in dis-
secting the maturation of [NiFe]-hydrogenases. By mixing two
anaerobically prepared crude extracts where one extract was de-
rived from a strain lacking only the Hyp maturation proteins and
the other from a strain in which only the hydrogenase large sub-
units were missing but all other components were present at wild
type levels, it was possible to reconstitute hydrogenase enzyme
activity and deﬁne key requirements for maturation to occur.
Maintenance of anaerobiosis was essential as was supplying the
hypD, E and F genes on a multicopy plasmid. Supplying the anaer-
obically puriﬁed HypD, E and F proteins could substitute for the
plasmid requirement. These ﬁndings indicate that, although the
HypD, HypE and HypF proteins were present at wild type levels
in the extract prepared from FTD147, they were either limiting
for enzyme reconstitution or had lost activity during extract prep-
aration. It was not necessary to add any of the other Hyp compo-
nents for enzyme reconstitution, presumably because we
included extra Ni2+ ions in the reconstitution reaction thus obviat-
ing the requirement for HypA and HypB overproduction [2]. Use of
puriﬁed Hyp components in place of plasmid-encoded Hyp pro-
teins provides a system to test the activity of mutant Hyp variants,
as well as allowing dissection of the substrate requirements of each
Hyp protein.
Another key advance in the development of the cell-free system
was the maturation of puriﬁed unprocessed HybC proteins. In par-
ticular, the analysis of two HybC precursors helped demonstratethat the ﬁnal endoproteolytic cleavage step in large subunit pro-
cessing is oxygen insensitive, while the precursor isolated from a
HypF strain revealed that there is minimally one oxygen-labile
step in subunit processing. This instability towards oxygen could
be due to either the precursor itself being labile or one or more
of the Hyp maturation proteins. For example, HypD is an iron-sul-
phur cluster-containing enzyme that is proposed to be involved in
a redox reaction during maturation [2,29], suggesting that this
might represent the oxygen-sensitive step. Moreover, the require-
ment for DTT in the in vitro activation reaction might also indicate
that anaerobiosis alone is insufﬁcient for efﬁcient activation to take
place and that reducing conditions are also necessary.
While reconstituted Hyd-1 could not be detected by mixing ex-
tracts, due to limited expression of the hya structural gene operon
under the growth conditions used, possibly small amounts of ac-
tive Hyd-3 could be detected. Hyd-1 constitutes a comparatively
small percentage of the total hydrogenase activity under the
growth conditions used [3,26], while Hyd-2 has the most signiﬁ-
cant contribution. Hyd-3 is part of the FHL complex and is a labile
activity that cannot be detected after native-PAGE [3,26]. At this
stage, therefore, it is difﬁcult to conclude whether Hyd-3 was
reconstituted or not. Future studies using puriﬁed unprocessed
precursors of HycE (Hyd-3 large subunit) and of HyaB (Hyd-1 large
subunit) in the reconstitution assay with the FTD147/pT-hypDEFC-
Strep extract should allow determination of whether the Hyd-3
and Hyd-1 enzymes can also be matured using this system.
It was perhaps notable that while maturation of the
StrepHybCDhybD precursor showedno dependence on ATP, carbamoyl
phosphate or FeSO4, activity was reduced by approximately 40%
when Ni2+ ions were omitted from the reconstitution reaction. This
ﬁnding is in accord bothwithNi2+ insertion being the ﬁnal step prior
to active site closure [2] and with the results of a previous study,
which showed that augmentation of a crude extract derived from
a nickel transport-defective mutant with Ni2+ ions restored hydrog-
enase enzyme activity [30]. Taken together, our results suggest that
once the [NiFe(CN)2CO] group has been inserted into the large
subunit apo-protein it can be isolated in a more or less stable form
making it amenable to biochemical and spectroscopic analyses.
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